Purpose: To assess myocardial strain using cine displacement encoding with stimulated echoes (DENSE) using 1.5T and 3.0T MRI in healthy adults. Materials and Methods: Healthy adults without any history of cardiovascular disease underwent magnetic resonance imaging (MRI) at 1.5T and 3.0T within 2 days. The MRI protocol included balanced steady-state free-precession (b-SSFP), 2D cine-echo planar imaging (EPI)-DENSE, and late gadolinium enhancement in subjects >45 years. Acquisitions were divided into six segments; global and segmental peak longitudinal and circumferential strain were derived and analyzed by field strength, age, and gender. Results: In all, 89 volunteers (mean age 44.8 6 18.0 years, range: 18-87 years) underwent MRI at 1.5T, and 88 of these subjects underwent MRI at 3.0T (1.4 6 1.4 days between the scans). Compared with 3.0T, the magnitudes of global circumferential (-19.5 6 2.6% vs. -18.47 6 2.6%; P 5 0.001) and longitudinal (-12.47 6 3.2% vs. -10.53 6 3.1%; P 5 0.004) strain were greater at 1.5T. At 1.5T, longitudinal strain was greater in females than in males: -10.17 6 3.4% vs. -13.67 6 2.4%; P 5 0.001. Similar observations occurred for circumferential strain at 1.5T (-18.72 6 2.2% vs. -20.10 6 2.7%; P 5 0.014) and at 3.0T (-17.92 6 1.8% vs. -19.1 6 3.1%; P 5 0.047). At 1.5T, longitudinal and circumferential strain were not associated with age after accounting for sex (longitudinal strain P 5 0.178, circumferential strain P 5 0.733). At 3.0T, longitudinal and circumferential strain were associated with age (P < 0.05). Longitudinal strain values were greater in the apico-septal, basal-lateral, and mid-lateral segments and circumferential strain in the inferior, infero-lateral, and antero-lateral LV segments. Conclusion: Myocardial strain parameters as revealed by cine-DENSE at different MRI field strengths were associated with myocardial region, age, and sex.
D
isplacement encoding with stimulated echoes (DENSE) is a magnetic resonance imaging (MRI) method that directly quantifies left ventricular (LV) mechanics within myocardial regions with high spatial and temporal resolution. 1 LV ejection fraction (LVEF) and wall motion score reflect displacement of LV borders, provide global measures of heart pump function, and are the standard imaging methods for describing LV function. 2 Global longitudinal strain (GLS) has independent prognostic significance compared with LVEF in myocardial infarction survivors, 3, 4 and in patients with cardiomyopathy. 5, 6 Echocardiography is the standard-of-care for imaging LVEF and GLS. However, compared with echocardiography, MRI of LV systolic function is less dependent on operator technique and patient habitus (eg, acoustic windows) and has increased precision. 7 MRI also enables characterization of myocardial pathology and therefore enables direct regional measurement of contractility that can be spatially matched with pathology. However, the variation in strain values within a healthy population with age and field strength has still to be established.
There are a number of ways of assessing myocardial strain with MR, including myocardial tagging, 8 strainencoding imaging (SENC), 9 phase contrast (PC) imaging, 10 and DENSE. 1 As a relatively new MR technique in this family, cine DENSE is capable of revealing pixel-by-pixel displacement and subsequently strain information of myocardial tissue from the phase data at each cardiac phase. 1, [11] [12] [13] Our aim was to assess the relationship between myocardial strain as revealed by DENSE with age and sex, in a reasonably large group of healthy volunteers at two field strengths. We hypothesized that magnitudes of strain are associated with age and sex, independent of field strength.
Materials and Methods

Study Population
The study was approved by the regional ethics committee. Healthy volunteers aged at least 18 years with no prior medical history (including cardiovascular health problems, medication, or systemic illness) were invited to participate by placing advertisements in public buildings (eg, hospital, university). The other exclusion criteria included standard contraindications to MR (eg, metallic implants and metallic foreign body) and known or suspected pregnancy. Written informed consent was subsequently obtained from prospective participants. A 12-lead electrocardiogram (ECG) was obtained in all subjects and a normal ECG was an inclusion criterion. Patient characteristics were recorded and body surface area was calculated with the Dubois formula.
MR Acquisition
Participants underwent MRI at 1.5T (MAGNETOM Avanto, Siemens Healthcare, Erlangen, Germany) located in a hospital Radiology Department and at 3.0T (MAGNETOM Verio, Siemens Healthcare) in a university research center. At both field strengths, images were acquired using an anterior phased-array body coil (12-element and 16-element at 1.5T and 3.0T, respectively) and a posterior phased-array spine coil (24-element).
MR Protocol
LV dimensions were assessed using balanced steady-state freeprecession (b-SSFP) cinematographic breath-hold sequences. Typical imaging parameters are shown in Table 1 . The heart was imaged in multiple parallel short-axis planes 8-mm thick separated by 2-mm gaps, as well as in the 2-chamber, 3-chamber, and 4-chamber long-axis views. A 2D echo planar imaging (EPI) DENSE sequence (workin-progress sequence 611, Siemens Healthcare) was used to acquire mid-ventricular short-axis and 4-chamber long-axis views. Typical imaging parameters are shown in Table 1 . Through-plane dephasing and 2-point complementary spatial modulation of magnetization (CSPAMM) were used for artifact suppression during DENSE acquisition.
14 Fat suppression was carried out using a fast water excitation option provided by the vendor. The readout and phaseencoding direction of displacement were acquired in a single breath-hold. 
Image Analysis
Datasets were anonymized to ensure operators were blinded to all other data. Project data were coordinated by S.R. The absence of late gadolinium enhancement (myocardial fibrosis or scar) was determined qualitatively by visual assessment by D.C. (>3 years MRI experience) and C.B. (>10 years MRI experience). The absence of myocardial late gadolinium enhancement was another requirement for inclusion of the data in this analysis. LV mass and function were analyzed in randomly ordered, deidentified scans by three MRI-trained cardiologists (MRI experience: G.C. 5 years, K.M. 3 years, D.S.C. 3 years) using computerassisted planimetry (Syngo MR, Siemens Healthcare).
The LV was segmented using the anterior right ventricular-LV insertion point as the reference point. The mid-left ventricular short axis (six segments: anterior, antero-septal, infero-septal, inferior, infero-lateral, and antero-lateral) and horizontal long axis (6 segments: basal infero-septal, mid-infero-septal, apical septal, apical lateral, mid-antero-lateral, and basal-antero-lateral) DENSE data were analyzed using the CIM_DENSE2D software (University of Auckland, New Zealand), 15 which provided longitudinal and circumferential strain. The underlying principles of the analysis included segmentation, phase unwrapping, displacement extraction, and strain calculation. Global and segmental myocardial circumferential (E cc ) and longitudinal (E ll ) strain were analyzed by three trained observers (K.M., G.C., C.M.) in a random order. Image quality and artifact scoring were carried out by two operators (K.M., G.C.) and when there was discordance, X.Z. acted as a blinded independent adjudicator.
Statistical Analysis
Statistical analysis was performed using SPSS software (Chicago, IL, v. 22). Normality was tested using the Shapiro-Wilk test. Continuous variables are expressed as mean 6 standard deviation (SD). For comparison of two or more normally distributed variables, Student's t-test and analysis of variance (ANOVA) with Tukey posthoc analysis were used. The population was divided per tertile of age to compare strain between groups. Interobserver reproducibility was assessed using Bland-Altman statistics. P < 0.05 was considered statistically significant.
RESULTS
Characteristics of the Study Participants
A total of 90 subjects underwent cardiac MRI. One male had an incidental finding of high T 1 in the antero-septal LV wall in the territory of the left anterior descending coronary artery. A clinical assessment disclosed a history of exertional chest pain suggestive of angina. The elevated T 1 may have reflected myocardial edema secondary to ischemia. This patient was excluded from the analysis and referred for clinical investigation.
The characteristics of the remaining participating subjects (n 5 89, including nine individuals 70 years) and their LV mass and function are presented in Tables 2 and 3 , respectively. Global and segmental strain values are depicted in Figure 1 .
Artifact Analysis and Interobserver Analysis
Overall image quality was high for circumferential (94%) and longitudinal strain (92%) at 1.5T (Table 4 ). Overall quality was adequate at 3.0T for both circumferential (54%) and longitudinal strain (57%). 7% of circumferential and 9% of longitudinal strain data could not be analyzed due to poor quality at 3.0T, while all images were of diagnostic quality at 1.5T. A higher proportion of images had artifact at 3.0T when compared with 1.5T, as can be seen in Table 4 .
Interoperator repeatability analysis was performed on the strain analysis, and the intraclass correlation coefficient was above 0.85 for all parameters (Table 5) .
Sex Differences in LV Strain at 1.5 and 3.0T Global circumferential and longitudinal strains were greater in magnitude in women than in men at both field strengths (Table 6 ). Regional differences in strain were also observed.
Longitudinal strain values were greater in the apico-septal, basal-lateral, and mid-lateral segments and circumferential strain in the inferior, infero-lateral, and antero-lateral LV segments.
Age Differences in LV Strain at 1.5 And 3.0T Due to the sex difference in strain we carried out a regression model with multiple variables (age and sex) ( Tables (6  and 7) ). At 1.5T, longitudinal and circumferential strain were not associated with age after accounting for sex. At 3.0T, there was a statistically significant relationship between both longitudinal and circumferential strain and age (P < 0.05). We have also presented global and segmental strain according to three age tertiles (Table 8 ).
Myocardial Strain: Variations With Field Strength
Global and regional strain values differed slightly between 1.5T and 3.0T (Fig. 1 ). These differences mainly related to circumferential strain values in the anterior, infero-lateral, and antero-lateral LV segments, where strain is greater at 1.5T. Global longitudinal strain and regional longitudinal strain in the mid-septal and medio-lateral segments were higher at 1.5T compared with 3.0T.
Discussion
We described myocardial strains at different MRI field strengths in 89 healthy adults across a broad age range, including 10% of elderly individuals 70 years. Circumferential and longitudinal strain values revealed by 2D-DENSE had low interobserver variability, implying good reliability. We observed that longitudinal and circumferential strains varied in a regional distribution, with higher strain values in the anterior and lateral LV territories. Strains were higher in females than in males. After adjusting for the association with sex, strain was only associated with age when assessed at 3.0T. We also observed small differences in the magnitude of longitudinal and circumferential strains at different field strengths, with the magnitude of strain being slightly higher at 1.5T than 3.0T. We observed that females had higher magnitudes of peak strain when compared with males. These differences were statistically significant for circumferential strain at both 1.5T and 3.0T and for longitudinal strain at 1.5T. Longitudinal strain at 3.0T was numerically higher for females, with a P value approaching statistical significance. These results are similar to what has been published in previous studies by Lawton et al 16 21 use different techniques to analyze strain, which could account for some of the differences in strain values observed using these different methods. 22 We used a multivariate regression model to account for sex differences to assess whether there was an age-related change in strain. Interestingly, there was a statistically significant relationship between age and strain at 3.0T but not at 1.5T. On reviewing the literature, it seems that there is no clear consensus on the relationship between age and strain. Oxenham et al 23 and Neizel et al 19 (Supplementary Table   1 ) did not observe any association between age and strain when assessed using tagged MR. Taylor et al 17 described a positive association between circumferential strain but not longitudinal strain with age in individuals over the age of 50 years. Kuznetsova et al 20 using echocardiography in 236 healthy subjects found that strain was inversely associated with age, consistent with the results at 3.0T in our study. We observed that myocardial strain measured using DENSE was higher at 1.5T compared with 3.0T. Looking to the literature, Schuster et al. 24 and Wehner et al. 25 did not observe any differences in strain between field strengths; however, the sample size in both studies was small. The 3.0T scanner used in this study had a 70 cm bore, while the 1.5T had a 60 cm bore. During scan acquisition, we found that it was more difficult to obtain a high level of magnetic field homogeneity in a wide bore scanner and hence artifacts were more common. The breath-hold duration with this DENSE application may have lasted up to 20 seconds, depending on the heart rate, which may have resulted in motion artifacts due to respiration. Markl et al 26 (n 5 16) compared image quality using tagging at both field strengths and reported an increase in off-resonance artifact at 3.0T, without an effect on overall image quality. Kramer et al 27 (n 5 14) and Valeti et al 28 (n 5 13)
reported better image quality with tagging at 3.0T.
Another potentially relevant factor is that the timing parameters, eg, TR, of the DENSE pulse sequence were slightly different between the two field strengths. Since sampling of strain during the cardiac cycle occurred at slightly different timepoints, it is possible that there may have been a small disparity in what was perceived to be the "peak" strain at 1.5T and 3.0T. Importantly, the magnitude of the differences in strain between the field strengths was small and unlikely to be clinically significant; however, this result means that we need to interpret the observed relationship between age and strain at 3.0T with caution.
A summary of studies looking at strain assessment in healthy volunteers is provided in Supplementary Table 1. Compared with these studies, the distinct features of our study are 1) healthy adults with no history of cardiovascular disease or treatment were recruited; 2) further verification and exclusion of subclinical cardiac disease by the requirement of a normal ECG and exclusion of patients with incidental myocardial fibrosis or scar; 3) a reasonably large cohort of adults equally balanced between male:female and representative of a broad range of ages; and 4) performance of MR at 1.5T and 3.0T within a short period of time (average 1.4 days).
Reproducibility with EPI DENSE in our study seems to be higher than with feature Tracking and Tagging. For feature tracking at 1.5T, 16 an interobserver coefficient of variation between 5.48% and 17.3% was reported for longitudinal strain, and between 4.9% and 13.3% for circumferential strain. For feature tracking at 3.0T, an interobserver coefficient of variation between 16.3% and 26.4% for longitudinal strain and between 9.9% and 20.3% for circumferential strain 17, 18, 29, 30 was reported. Reproducibility with 37 Strain-echocardiography has emerging utility for the discrimination of hypertrophic cardiomyopathy from hypertensive LV hypertrophy. 38 DENSE MRI adds diagnostically over echocardiography because of the potential to characterize tissue pathology and register with contractility in the same scan. Accordingly, DENSE MRI has future potential in clinical practice. There have been further methods development using DENSE since the 2D EPI-DENSE, including increasing signal-to-noise ratio by spiral k-space acquisition, 39 increasing phase signal-to-noise ratio by balanced encoding 13 artifact suppression 14 to improve 2D DENSE, as well as work on 3D-DENSE whole heart acquisition. 40 Fewer participants had longitudinal DENSE data acquired at 1.5T because 1.5T scans were performed on an MRI scanner in a busy cardiac regional center, whereas the 3.0T scans were obtained on a research-dedicated scanner that had greater flexibility for the duration of the scan. Our study was exploratory. The results are hypothesis generating and further research is warranted.
In conclusion, we described myocardial strains at different MR field strengths in reasonably large sample of healthy adults across a broad age range with cine DENSE MR. We observed that longitudinal and circumferential strains varied in a regional distribution, with higher strain values in the anterior and lateral LV territories. Strains were higher in females than in males. Accounting for the between-sex difference an association between age and strain was only apparent at 3.0T. We also observed small differences in the magnitude of longitudinal and circumferential strains at different field strengths, with the magnitude of strain being slightly higher at 1.5T than 3.0T. Woodward, Evonne McLennan, Caroline Glover) who acquired the images and the volunteers who participated in this study. We also thank Mr. Peter Weale and Mr. Patrick Revell, Siemens Healthcare, Frimley, U.K.
